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a b s t r a c t

The two complexes [Mo(�3-C3H5)Br(CO)2(L)] (L = L1, C1, and L2, C2), where L1 and L2 are the ligands 2-(2′-
pyridyl)imidazole (L1, pym) and 2-(2′-pyridyl)benzimidazole (L2, pyb) were immobilized in mesoporous
MCM-41 and in Mg/Al hydrotalcite (HTC), in order to obtain new heterogeneous catalysts. Both the ligands
and the complexes reacted with MCM-41 functionalized with a chloropropyl pendant arm; in the first
approach, the immobilized ligands were then allowed to react with [Mo(�3-C3H5)Br(CO)2(NCMe)2] to
afford supported C1 and C2. While spectroscopic data, DRX, and nitrogen isotherm adsorptions revealed
the similarity of the two kinds of materials, and the preservation of the MCM characteristic structure,
elemental analysis showed that the stepwise approach (ligand + complex precursor) allowed the intro-
esoporous materials
atalysis
poxidation
initrogen ligands
llyl complexes

duction of a much larger amount of molybdenum. The attempts at immobilization of the complexes
in HTC were less successful. Neither the deprotonated ligands or complexes were able to intercalate
between the material layers, the experimental evidence suggesting the intercalation of OH− anions and
the adsorption of the deprotonated ligands or complexes on the outside of the clay. Both materials exhib-
ited higher activities in the epoxidation of cycloctene and styrene, in the presence of TBHP, than the free
complexes in homogeneous conditions, with conversions close to 100% for both substrates, in the MCM

thro
based materials prepared

. Introduction

The development of new and efficient heterogeneous cata-
ysts, combining the selectivity of homogeneous catalysts with the
dvantages of heterogeneous processes, namely easy recovery of
roducts and recycling of the promoter, continues to be a priority

n chemistry [1,2].
Active centers may be immobilized in several ways, depending

n the binding between active center and support. The family of the
ilicon based porous MCM materials, developed by Mobil in 1992
3,4], led to new paths for the reaction between suitable precursors
ith the SiOH groups in the internal walls of the large surface of

he hexagonally ordered parallel channels. The applications of the
esulting materials containing inorganic active centers in several
elds, from catalysis to optoelectronics, followed [1,5–7]. Typical

pproaches for such reactions include direct grafting, where a func-
ionalized complex reacts with the OH groups, or tethering where
step by step route is followed, starting by reaction between the
alls and a functionalized organic molecule (ligand) which then

∗ Corresponding author. Tel.: +351 217500196; fax: +351 217500088.
E-mail addresses: mssaraiva@fc.ul.pt (M.S. Saraiva), cmnunes@fc.ul.pt

C.D. Nunes), pcteresa@popsrv.ist.utl.pt (T.G. Nunes), mjc@fc.ul.pt (M.J. Calhorda).
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ugh a stepwise route.
© 2010 Elsevier B.V. All rights reserved.

binds the metal center [8,9]. When no suitable function is available,
a spacer can be used [6,10].

Other kinds of porous materials may be more suitable, depend-
ing on the nature of the metal complex and the reactions to
perform. Some layered materials can be used with success to
immobilize ionic species by means of electrostatic interactions. In
particular, layered double hydroxides are clays with a structure
based on hydroxides, such as Mg(OH)2. Some Mg2+ cations in the
edge-sharing Mg(OH)6 octahedra layer may be replaced by M3+

cations, yielding a charge unbalance that requires anions. These
and water molecules occupy the interlayer space. In hydrotalcite
(HTC), the cationic layer contains Mg2+ and Al3+, with composi-
tions [M1−x

2+Mx
3+(OH)2](Am−)x/m · nH2O (M2+ = Mg2+, Zn2+, Ni2+,

etc., M3+ = Al3+, Cr3+, Ga3+, etc.) [11,12], and the ratio between
cations (x) is associated with the interlayer distance in the structure.
Anion exchange provides the easiest route for functionalization
of the clay, and may also change this distance, depending on the
size of the anion. A common procedure, more efficient than direct
anion exchange, consists of calcination of the precursor clay, usu-

ally containing carbonate, followed by rehydration in the presence
of another anion, leading to swelling of the structure [11a,12,13].
The intercalated anion may then react with inorganic species [14].
Substitution of the cations is another possibility for modifying and
functionalizing clays. Some authors have prepared double hydrox-
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cheme 1. Schematic representation of ligands L1 and L2 , and complexes C1 and
2.

des directly in presence of the anions designed to belong to the
nal structure [15]. Both the HTC material by itself and function-
lized with metal active centers have shown catalytic activity in
everal reactions, namely aziridination of oxiranes [16] and olefin
olymerization [14].

In this work, the two molecules 2-(2′-pyridyl)imidazole (L1,
ym) and 2-(2′-pyridyl)benzimidazole (L2, pyb) were chosen as lig-
nds (see Scheme 1) to functionalize MCM-41 and a Mg/Al HTC and
o react with the Mo(II) complex [Mo(�3-C3H5)X(CO)2(NCMe)2]
17]. Organometallic complexes in general are very versatile as
omogeneous catalysts in a wide variety of reactions, as well
s in many other applications [18]. The Mo(II)(�3-C3H5)(CO)2
erivatives and their W(II) analogues have displayed activity in
atalysis [19], namely imine aziridation [20], phosphine oxida-
ion [21], allylic alkylations [22], and, more recently as precursors
n olefin oxidation. [Mo(�3-C3H5)X(CO)2(NCMe)2] (X = Cl, Br) and
ome of their derivatives containing 1,4-diaza-1,3-butadienes or
ther bidentate nitrogen donor ligands promoted the selective
lefin epoxidation in the presence of t-butyl hydroperoxide (TBHP)
23]. Active species usually contain Mo(VI), as in the industrial
RCO-Halcon process for homogeneous olefin epoxidation with
BHP as source of oxygen [24]. These catalysts have been shown
o be as active as other well described Mo(II) precursors [25], with
igh conversions and turnover frequencies, and maintaining a high
ctivity in the second run.

Since the two complexes [Mo(�3-C3H5)Br(CO)2(L)] (L = L1, C1,
nd L2, C2, Scheme 1) have been previously described and their
ctivity as precursors in the epoxidation of cyclooctene and styrene
etermined [26], we studied their immobilization in MCM-41 and a
g/Al HTC and their catalytic activity in the same reaction, in order

o evaluate the effect of the support on the catalytic activity and to
ompare it with related systems.

. Experimental

.1. General

All reagents and ligand 2-(2′-pyridyl)benzimidazole L2 were
btained from Aldrich and used as received. Commercial grade
olvents were dried and deoxygenated by standard procedures
Et2O, THF, and toluene over Na/benzophenone ketyl; CH2Cl2
ver CaH2), distilled under nitrogen, and kept over 4 Å molec-
lar sieves. The ligand 2-(2′-pyridyl)imidazole (L1) [27] and the

omplexes [Mo(�3-C3H5)Br(CO)2(NCCH3)2] [17b] and [Mo(�3-
3H5)Br(CO)2(L)] (L = L1, C1, and L2, C2) [26] were prepared
ccording to literature methods. MCM-41 and derivatized materials
ere synthesized by adopting a methodology previously described,
sing [(C14H33)N(CH3)3]Br as templating agent [10]. Prior to the
lysis A: Chemical 321 (2010) 92–100 93

grafting experiment, physisorbed water was removed from cal-
cined (540 ◦C for 6 h under air) MCM (1) by heating at 180 ◦C in
vacuum (10−2 Pa) for 2 h.

FTIR spectra were obtained as KBr pellets (complexes) and Dif-
fuse Reflectance (DRIFT) measurements (materials) on a Nicolet
6700 in the 400–4000 cm−1 range using 1 cm−1 resolution. Pow-
der XRD measurements were taken on a Philips PW1710 using Cu
K� radiation filtered by graphite. 1H and 13C solution NMR spectra
were obtained with a Bruker Avance 400 spectrometer.

Solid state NMR measurements were performed at room tem-
perature on a Bruker MSL 300P spectrometer operating at 59.60
and 75.47 MHz for the observation of 29Si and 13C resonances,
respectively. The standard magic angle spinning (MAS) cross-
polarization–dipolar decoupling RF pulse sequence (CP-DD) was
used under about 4 kHz spinning rate. For the acquisition of 29Si
spectra, 5 ms contact time, 6 s recycling delay, and a number of
scans always higher than 3000 were selected; the Hartmann–Hahn
condition was optimized using tetrakis-trimethylsilylsilane and
tetramethylsilane (TMS) was the external reference to set the
chemical shift scale (ı = 0). 13C spectra were recorded with 2 ms
contact time, 4 s recycling delay and a number of scans higher than
900. The Hartmann–Hahn condition was optimized using glycine,
also the external reference to set the chemical shift scale (13CO at
176.1 ppm).

The N2 adsorption/desorption measurements were obtained in
an automatic apparatus (ASAP 2010; Micromeritics). BET specific
surface areas (SBET, p/p0 from 0.03 to 0.13) and specific total pore
volume, Vp were estimated from N2 adsorption isotherms mea-
sured at 77 K. The pore size distributions (PSD) were calculated by
the BJH method using the modified Kelvin equation with correction
for the statistical film thickness on the pore walls [28,29]. The sta-
tistical film thickness was calculated using Harkins–Jura equation
in the p/p0 range from 0.1 to 0.95. Microanalyses (C, N, H, and Mo)
were performed at the University of Vigo, Spain.

2.2. Catalytic studies

The complexes and materials were tested in the epoxidation of
cis-cyclooctene (cy8) and styrene (sty), using t-butylhydroperoxide
(TBHP) as oxidant. The catalytic oxidation tests were carried out
at 328 K under normal atmosphere in a reaction vessel equipped
with a magnetic stirrer and a condenser. In a typical experiment
the vessel was loaded with olefin (100%), internal standard (DBE),
catalyst (1%), oxidant (200%), and 3 mL of solvent. Addition of the
oxidant determines the initial time of the reaction. The course of the
reactions was monitored by quantitative GC-analysis by collecting
samples at 10, 30 min, 1 h and 1 h 30 min, then at 2, 4, 6, 8, and 24 h
of reaction. These samples were treated as described previously
prior to injection in the GC column [26].

2.2.1. Epoxidation of cis-cyclooctene
Cis-cyclooctene (800 mg, 7.3 mmol), 800 mg dibutyl ether

(internal standard), 1 mol% of catalyst, 2.65 mL of TBHP (5.5 M in
n-decane) and 3 mL of CH2Cl2.

2.2.2. Epoxidation of styrene
Styrene (800 mg, 7.7 mmol), 800 mg dibutyl ether (internal stan-

dard), 1 mol% of catalyst, 2.65 mL of TBHP (5.5 M in n-decane) and
3 mL of CH2Cl2.

MCM-Pr-Cl
2.0 mL of 3-(chloropropyl)-trimethoxysilane was added to a sus-
pension of 1 g of MCM-41 (1) in 30 mL of toluene, and allowed to
reflux for 24 h. The yellow suspension was filtered, washed with 4×
20 mL dichloromethane, and dried under vacuum. Different sam-
ples are indicated by *.

MCM-Pr-Cl (2)
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Anal. Found: C 7.40, H 1.89%.
IR (KBr, �/cm−1): 3445 (bd, s), 2959 (m), 1638 (w), 1084 (vs),

13 (s).
13C CP/MAS (DD) NMR (ı ppm): 9.0 (Si–CH2), 26.1 (–CH2–), 46.1

Cl–CH2).
29Si CP/MAS (DD) NMR (ı ppm):−46.3 (T1), −56.9 (T2), −67.5

T3), −101.6 (Q3), −109.0 (Q4).
MCM-Pr-Cl* (2*)
Anal. Found: C 8.36, H 1.97%.
IR (KBr, �/cm−1): 3417 (bd, s), 2954 (m), 2849 (m), 1627 (w),

243 (vs), 1059 (vs), 817 (s).
13C CP/MAS (DD) NMR (ı ppm): 9.2 (Si–CH2), 26.1 (–CH2–), 45.9

nd less intense signal at 49.1 (Cl–CH2).
29Si CP/MAS (DD) NMR (ı ppm): −48.3 (T1), −57.7 (T2), −67.5

T3), −101.6 (Q3), −109.4 (Q4).
MCM-Pr-Cl** (2**)
Anal. Found: C 8.36, H 1.87%.
IR (KBr, �/cm−1): 3424 (bd, s), 2955 (m), 2850 (m), 1622 (w),

244 (vs), 1070 (vs), 813 (s).
MCM-Pr-Ln (Ln = L1 (3), L2 (4))
The ligand (4 mmol) was dissolved in dichloromethane, and

hen triethylamine (4.8 mmol) was added. 1 g of MCM-Pr-Cl (2)
as added to this solution, at 0 ◦C, and then left at room tempera-

ure for 12 h. The suspension was filtered, washed with 2× 20 mL
ichloromethane, and dried under vacuum.

MCM-Pr-L1 (3) (from MCM-Pr-Cl (2))
Anal. Found: C 2.27, H 10.51, N 1.33%.
IR (KBr, �/cm−1): 3418 (bd, s), 3006 (vw), 2959 (w), 1671 (w),

597 (w), 1461 (vw), 1080 (vs), 803 (s).
13C CP/MAS (DD) NMR (ı ppm): 7.8, 9.9 (Si–CH2), 26.3 (–CH2–),

5.7 (N–CH2).
29Si CP/MAS (DD) NMR (ı ppm): −58.5 (T2), −66.7 (T3), −101.2

Q3), −109.4 (Q4).
MCM-Pr-L2 (4) (from MCM-Pr-Cl (2*))
Anal. Found: C 10.60, H 2.30, N 0.89%.
IR (KBr, �/cm−1): 3418 (bd, s), 3010 (vw), 2960 (w), 1628 (w),

446 (vw), 1242 (vs), 1077 (vs), 808 (s).
13C CP/MAS (DD) NMR (ı ppm): 7.4, 9.7 (Si–CH2), 26.1 (–CH2–),

5.2 (N–CH2).
29Si CP/MAS (DD) NMR (ı ppm): −58.5 (T2), −67.5 (T3), −101.2

Q3), −109.0 (Q4).
MCM-Pr-Ln-Mo (Ln = L1 (5a), L2 (5b)
0.750 g of MCM-Pr-Ln were added to a solution of [Mo(�3-

3H5)Br(CO)2(NCMe)2] (A) (1 mmol) in dichloromethane. The
ixture was stirred for one day in inert atmosphere, filtered,
ashed with dichloromethane, and dried under vacuum.

MCM-Pr-L1-Mo (5a)
Anal. Found: C 9.15, H 2.10, N 0.88, Mo 6.21%.
IR (KBr, �/cm−1): 3422 (bd, s), 3011 (vw), 2949 (w), 1939 (s),

847 (s), 1651 (vs), 1440 (w), 1242 (s), 1078 (vs), 804 (s).
13C CP/MAS (DD) NMR (ı ppm): 8.0, 9.5 (Si–CH1), 26.3 (–CH2–),

6.7 (N–CH2).
29Si CP/MAS (DD) NMR (ı ppm): −48.3 (less intense, T1), −57.7

T2), −66.7 (T3), −101.6 (Q3), −108.6 (Q4).
MCM-Pr-L2-Mo (5b)
Anal. Found: C 8.76, H 2.02, N 0.34, Mo 3.07%.
IR (KBr, �/cm−1): 3419 (bd, s), 3015 (vw), 2942 (w), 1941 (s),

859 (s), 1623 (vs), 1442 (w), 1242 (s), 1077 (vs), 803 (s).
13C CP/MAS (DD) NMR (ı ppm): 8.0, 9.5 (Si–CH2), 26.3 (–CH2–),

6.9 (N–CH2).
29Si CP/MAS (DD) NMR (ı ppm): −56.9 (T2), −66.3 (T3), −101.2
Q3), −109.4 (Q4).
MCM-Pr-MoLn (Ln = L1 (6a), L2 (6b))
The complex (4 mmol) was dissolved in DMF, and then triethy-

amine (4.8 mmol) was added. 1 g of MCM-Pr-Cl** (2**) was added
o this solution, at 0 ◦C, and left at room temperature for 12 h. The
lysis A: Chemical 321 (2010) 92–100

suspension was filtered, washed with 2× 20 mL DMF and dried
under vacuum.

MCM-Pr-MoL1 (from MCM-Pr-Cl** (2**)) (6a)
Anal. Found: C 11.65, H 2.20, N 2.54, Mo 0.44%.
IR (KBr, �/cm−1): 3406 (bd, s), 3010 (vw), 2938 (w), 1941 (s),

1853 (s), 1663 (vs), 1390 (m), 1242 (s), 1067 (vs), 802 (s).
MCM-Pr-MoL2 (from MCM-Pr-Cl** (2**2)) (6b)
Anal. Found: C 10.10, H 1.85, N 1.57, Mo 0.52%.
IR (KBr, �/cm−1): 3336 (bd, s), 2939 (w), 1941 (w), 1870 (s), 1662

(vs), 1496 (s), 1439 (s), 1418 (s), 1390 (m), 1314 (w), 1240 (s), 1063
(vs), 800 (s).

HTC-MoLn (Ln = L1 (7), L2 (8))
A solution of NaOH (2 mmol) in 20 mL of desionized water (type

II) was added to a solution of the complex (2.8 mmol) in 15 mL of
DMF. A suspension of 1 g of clay HTC in 25 mL of DMF was then
added to this solution, and heated at 70 ◦C for 48 h. The clay was
filtered, washed with 3× 20 mL deionized water and dried under
vacuum.

HTC-Mo L1 (7)
Anal. Found: C 2.83,H 2.56, N 0.53, Mo 3.32%.
IR (KBr, �/cm−1): 3464 (bd, s), 1935 (m), 1839 (m), 1584 (s), 1368

(vs), 942 (vs), 682 (s).
13C CP/MAS (DD) NMR (ı ppm): 38.6, 170.3 (CO) (major signals).
HTC-Mo L2 (8)
Anal. Found: C 13.13,H 2.57, N 2.61, Mo 7.08%.
IR (KBr, �/cm−1): 3455 (bd, s), 1932 (m), 1837 (m), 1608 (s), 1462

(w), 1428 (w), 1367 (vs), 951 (vs), 749 (s).
13C CP/MAS (DD) NMR (ı ppm): 59.9 and 73.7 (allylic carbons),

118.5 (4), 123.3 (6), 127.8 (5′), 144.5 (9), 146.6 (10), 148.9 (6′), 156.6,
170.5 (CO) (major signals).

3. Results and discussion

3.1. MCM-41 materials

The ligands 2-(2′-pyridyl)imidazole (L1, pym) and 2-(2′-
pyridyl)benzimidazole (L2, pyb) and the complexes [Mo(�3-
C3H5)Br(CO)2(L)] (L = L1, C1, and L2, C2, Scheme 1) were used for the
preparation of two families of composite materials, one based on
mesoporous MCM-41 and the second on Mg/Al hydrotalcite (HTC).
In both hosts, two synthetic strategies were tested, namely the
introduction of the whole complexes, or the loading of the ligands
followed by the reaction with [Mo(�3-C3H5)Br(CO)2(NCMe)2]. Both
procedures have been used before [8].

The pure siliceous MCM-41 (MCM) parent material was
obtained by a template approach [30], and was afterwards deriva-
tized by following two strategies as depicted in Scheme 2, both
synthetic pathways starting with the same first step. This consisted
of the grafting of a spacer, chloropropyltrimethoxysilane, on the
walls of the MCM material, affording the material MCM-Pr-Cl (2).

In the first route, the stepwise preparation of the final material
was achieved by introducing the ligand L1 or L2 in the presence
of triethylamine, so that the resulting anion would react with the
pendant chloropropyl chains inside the pores of MCM, as shown
in the right side of Scheme 2. The two new materials MCM-Pr-
Ln (Ln = L1, 3, or L2, 4) were obtained. Subsequent reaction with
[Mo(�3-C3H5)Br(CO)2(CH3CN)2] afforded the materials MCM-Pr-
Ln-Mo by substitution of the nitrile ligands by the immobilized
ligands of MCM-Pr-Ln. The prepared materials MCM-Pr-L1-Mo (5a)
and MCM-Pr-L2-Mo (5b) contained approximately 6.21 wt% Mo

(0.65 mmol g−1) and 3.07 wt% Mo (0.32 mmol g−1), respectively.

The second route, depicted on the left side of Scheme 2,
was carried out by deprotonating the whole complexes [Mo(�3-
C3H5)Br(CO)2L] (L = L1 or L2) with triethylamine in DMF. The
deprotonated complexes C1 and C2 reacted with the pendant



M.S. Saraiva et al. / Journal of Molecular Catalysis A: Chemical 321 (2010) 92–100 95

e for t

c
P
a
0

c
m
b
l

P
m
i

F

Scheme 2. Schematic procedur

hloropropyl chains of MCM-Pr-Cl affording the materials MCM-
r-Mo L1 (6a) and MCM-Pr-MoL2 (6b), with metal loadings of
pproximately 0.44 and 0.52 wt% Mo, corresponding to 0.045 and
.054 mmolMo g−1, respectively.

These results indicate that the stepwise introduction of the
omplex is more efficient, leading to a much higher amount of
olybdenum in the new materials. This effect has been described

efore, and the difference is more striking when the complexes are
arger [8].
The powder XRD patterns of MCM-Pr-L2-Mo (5b) and MCM-
r-MoL2 (6b) are given in Fig. 1. The pattern of the parent, calcined
aterial MCM (1), shows four reflections in the 2� range 2–10◦,

ndexed to a hexagonal cell as (1 0 0), (1 1 0), (2 0 0), and (2 1 0). The

ig. 1. Powder XRD of materials MCM, MCM-Pr-Cl (2), MCM-Pr-L2 (4), MCM-Pr-L2-Mo (
he synthesis of MCM materials.

d value of the (1 0 0) reflection is 35.2 Å, corresponding to a lattice
constant of a = 40.6 Å (=2d1 0 0/

√
3). The positions of the peaks of

MCM-Pr-Cl (2), after functionalizing the walls of the parent host
material MCM with chloropropyltrimethoxysilane, remain almost
unchanged, suggesting the retention of the long range hexagonal
symmetry of the host material. The powder patterns also remain
unchanged for material MCM-Pr-L2-Mo (5b). A reduction of the
peaks intensities is observed in the case of MCM-Pr-L2 (4), and
becomes more relevant in the molybdenum rich MCM-Pr-L2-Mo

(5b). This is not interpreted as a loss of crystallinity, but rather to a
reduction in the X-ray scattering contrast between the silica walls
and pore-filling material, a situation well described in the literature
[31,32], and also observed for other types of materials [14].

5b), and MCM-Pr-MoL2 (6b), prepared by both pathways, using ligand L2 .
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Fig. 2. Nitrogen adsorption studies of materials MCM, MCM-Pr-Cl (2

When the complexes C1 and C2 were directly introduced in the
arent MCM material to form MCM-Pr-MoL2 (6b), a reduction in
he peaks intensities was also observed, though not as drastic (Fig. 1,
ight) as the reduction observed in the stepwise pathway (Fig. 1,
eft). Indeed, in this way, smaller molecules (the ligands L1 and
2) are introduced allowing a better coverage of the surface, and
eacting then with a Mo source. The introduction of the bulkier
omplexes C1 and C2 will be less effective, owing to their larger
ize.

Nitrogen adsorption studies at 77 K revealed that the pristine
CM (1) sample exhibits a reversible type IV isotherm (Fig. 2), char-

cteristic of mesoporous solids (pore width between 2 and 50 nm,
ccording to the IUPAC) [33]. The calculated textural parameters
SBET and Vp) of this material agree with literature data (Table 1)
34,35]. The capillary condensation/evaporation steps appear in the
.20–0.40 relative pressures range, and the sharpness of this step
eflects the uniform pore size.

The isotherm of the functionalized material MCM-Pr-Cl* (2*)
eveals much lower N2 uptake, accounting for decrease in �Vp

29–45%) and a concomitant variation in SBET. These results indi-
ate that immobilization of the ligand on the internal silica surface
as accomplished (Fig. 2, Table 1). Introduction of the ligands L1
nd L2 inside the pores induces only a very slight variation, whereas
he introduction of the metal moieties provokes a further decrease.
he same observations are true for the parallel synthetic pathway
here the Mo complexes C1 and C2 were introduced as a whole

able 1
extural parameters for host and composite materials from N2 isotherms at 77 K.

Sample d1 0 0 (Å) SBET (m2 g−1) �SB

MCM (1) 36.5 1122 –
MCM-Pr-Cl (2) 35.7 1148 2
MCM-Pr-L1 (3) 36.4 841 −25
MCM-Pr-L1-Mo (5a) 34.4 673 −40
MCM* (1*) 35.2 1091 –
MCM–Pr-Cl* (2*) 36.7 906 −17
MCM-Pr-L2 (4) 34.6 1004 −8
MCM-Pr-L2-Mo (5b) 35.7 753 −31
MCM** (1**) 35.0 1096 –
MCM-Pr-Cl** (2**) 35.5 1011 −8
MCM-Pr-MoL1 (6a) 35.8 867 −21
MCM-Pr-MoL2 (6b) 36.6 829 −24

a Variation of surface area in relation to parent MCM.
b Variation of total pore volume in relation to parent MCM.
c Median pore width determined by the BJH method.
M-Pr-L2 (4), MCM-Pr-L2-Mo (5b), and MCM-Pr-MoL2 (6b), at 77 K.

(Fig. 2, right). The relative decrease in SBET and Vp relative to MCM
is in agreement with the decrease of the p/p0 coordinates of the
inflection points of the isotherms after post-synthesis treatments
[36]. The height of the capillary condensation steps, which is related
to the volume of pore space confined by absorbate film on the pore
walls, is smaller in the case of the modified materials. Furthermore,
the maxima of the PSD curves determined by the BJH method, dBJH,
decrease concomitantly (Table 1).

The presence of functional groups characteristic of [Mo(�3-
C3H5)Br(CO)2(L)] in the materials was checked by FTIR spec-
troscopy. The stretching vibrations modes of the mesoporous
framework (Si–O–Si) of the grafted material MCM-Pr-Cl* (2*) are
observed at around 1240, 1070, and 810 cm−1, as in the parent
MCM, while new bands appear at ca. 2950 and 2850 cm−1, assigned
to the �(C–H) stretching of the aliphatic linear chain in MCM-Pr-Cl.
The introduction of the ligands L1 and L2 in the stepwise pathway
leads to the appearance of the �(C N) stretching modes at 1671
and 1597 cm−1 (in MCM-Pr-L1) and 1628 cm−1 (in MCM-Pr-L2).
After binding the complexes, the bands assigned to the asymmet-
ric vibration mode of Si–O–Si are still observed at 1241, 1066,
and 806 cm−1 in MCM-Pr-L1-Mo (5a), while the �(C N) stretching
modes of the ligands are shifted to 1651 cm−1 in MCM-Pr-L1-Mo

(5a) and to 1623 cm−1in MCM-Pr-L2 (4). The �(C O) stretching
modes of the cis-C O groups are observed at around 1939 and
1847 cm−1 for MCM-Pr-L1-Mo (5a) and 1941 and 1859 cm−1 for
MCM-Pr-L2-Mo (5b), slightly shifted from the values in the free

ET
a (%) Vp (cm3 g−1) �Vp

b (%) dBJH
c (nm)

0.98 – 3.20
0.70 −29 2.66
0.51 −48 2.66
0.39 −60 2.65
0.92 – 3.26
0.51 −45 2.85
0.57 −38 2.66
0.42 −54 2.65
0.96 – 3.26
0.62 −35 2.65
0.49 −49 2.65
0.50 −48 2.86
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Fig. 3. 29Si CP MAS NMR spectra for calcined MCM*, MCM-Pr-Cl* (2*), MCM-Pr-L2
M.S. Saraiva et al. / Journal of Molecul

omplexes (1933 and 1839 cm−1 in C1; 1934 and 1853 cm−1 in
2). The same frequencies are observed for the materials MCM-Pr-
oL1 (6a) and MCM-Pr-MoL2 (6b) obtained by the second route

nd containing the same immobilized species.
The materials were also characterized by 13C CP MAS-DD and

9Si CP MAS-DD solid state NMR. The solid state 13C CP MAS-DD
MR spectra (Fig. S1, Supporting Information) of MCM-Pr-Cl* (2*),
CM-Pr-L2 (4) and MCM-Pr-L2-Mo (5b) materials are quite simi-

ar, since the spectra are dominated by the resonances of the propyl
hain. These signals appear at ca. 9.2 (Si–CH2), 26.1 (CH2–CH2–CH2),
nd 45.9 (Cl–CH2) ppm in 2*, and the last one shifts to ca. 45.2 ppm
N–CH2) after introduction of the N-ligands.

The introduction of the organometallic moieties did not induce
rastic changes. In fact the metal content is small and therefore
ince the spectra are dominated by the propyl chain signal it will
ask any resonances from other species in lower concentration. A

imilar effect has already been described previously [37,38].
Fig. 3 shows the 29Si CP MAS NMR spectra for pristine calcined

CM*, MCM-Pr-Cl* (2*), and the N-ligand derivatized MCM-Pr-L2
4). Unmodified MCM displays two broad convoluted resonances
n the 29Si CP MAS NMR spectrum at −110 and −102 ppm,
ssigned to Q4 and Q3 species of the silica framework, respectively,
Qn = Si(OSi)n(OH)4−n]. The Q2 species are not observed although
heir existence cannot be neglected. The Q3 sites are associated with
he single silanols Si–OH (including hydrogen-bonded silanols),

2
hile the Q sites correspond to the geminal silanols (Si–(OH)2).
he 29Si CP MAS spectra of MCM-Pr-Cl* (2*) and MCM-Pr-L2 (4) also
isplay two broad signals at −58 and −66 ppm, assigned to T2 and
3 organosilica species, respectively, [Tn = RSi(OSi)n(OEt)3−n]. The
1 environment, at −46 ppm, was only detected in the spectrum

Scheme 3. Schematic procedure for
(4) and MCM-Pr-L2-Mo (5b).

of MCM-Pr-Cl* (2*). Introduction of the organometallic fragment
[Mo(�3-C3H5)Br(CO)2] does not significantly change the 29Si CP
MAS-DD NMR spectra, as expected.

The comparison of the spectra of these materials shows that the
in situ grafting of the assorted organic building blocks results in the
reduction of the Q3 resonances, with a concomitant increase of the
Q4 resonance compared to the parent mesoporous sample (MCM),
confirming that those species were grafted successfully. This trend

is kept throughout the complete process and independently of the
synthetic pathway adopted.

the synthesis of HTC materials.
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Table 2
Olefin epoxidation of cyclooctene (cy8) and styrene (sty), using TBHP as oxygen
donor, in the presence of materials MCM-Pr-Ln-Mo (5), MCM-Pr-MoLn (6), HTC-
MoLn (7, 8), and complexes [Mo(�3-C3H5)Br(CO)2(L)] (L = L1 , C1; L2 , C2).

Material/complexa Substrate Conv.b (%) TOFc (mol molMo
−1 h−1)

MCM-Pr-L1-Mo (5a) cy8 95/99d 358/449
sty 92 244

MCM-Pr-L2-Mo (5b) cy8 99 233
sty 95 445

MCM-Pr-MoL1 (6a) cy8 70 77
sty 89 431

MCM-Pr-MoL2 (6b) cy8 60 51
sty 80 401

HTC-MoL1 (7) cy8 59 311
sty 82 495

HTC-MoL2 (8) cy8 60 76
sty 79 280

C1 cy8 64 159
sty 54 175

C2 cy8 45 101
sty 52 150

a

rial can be reused.
It is thought that the first step of the reaction involves the oxida-

tion of the Mo(II) precursor species to Mo(VI) derivatives, with loss
of CO and allyl, but keeping the bidentate ligand [23]. The low activ-
8 M.S. Saraiva et al. / Journal of Molecul

.2. Hydrotalcite materials

The commercial Mg/Al HTC lamellar material, prior to any
anipulation, was calcined at 823 K during 4 h, to eliminate the

O3
2− anions in the interlayer region, as described previously

7]. The structure of the lamellar material collapses, but can be
ebuilt [39]. The procedure to be followed is sketched in Scheme 3,
howing the two parallel pathways where either the deprotonated
igands (left) or the deprotonated complexes (right) are intercalated
etween the layers.

Analysis of the XRD powder patterns (not shown) obtained for
he starting lamellar materials shows typical patterns of reason-
bly well ordered materials, exhibiting sharp and symmetric 0 0 3
eflections [12]. The peaks were indexed to a rhombohedral sym-
etry.
The reconstruction of the layered structure was attempted

y deprotonating the ligands (Scheme 3, left) or the complexes
Scheme 3, right) with NaOH. Analysis of the XRD data of the mate-
ials obtained in all cases revealed an ordered structure with d
arameters of 7.6 Å, which indicate that the intercalated anions are
H−, instead of the anions of the ligands L1, L2 or the complexes
1, C2.

The FTIR spectra of both lamellar materials HTC-MoL1 (7) and
TC-MoL2 (8) showed the two strong �(C O) vibrational modes
f the organometallic fragment at around 1935 and 1839 cm−1

n 7 and 1932 and 1837 cm−1 in 8, as well as the �(C N) modes
f the coordinated ligand (1671 cm−1 in 7, 1637 cm−1 in 8). Also,
he molybdenum loadings for the organometallic composite mate-
ials 7 and 8 were found to be 3.32 and 7.08 wt% (0.35 and
.74 mmol g−1), respectively, showing that high metal loadings
ere achieved.

The solid state 13C CP MAS-DD NMR spectra of 7 showed two
ell defined peaks at 38.6 and 170.3 ppm, assigned to one carbon of

he allyl group and to the carbonyl groups (see Scheme 3). The other
eaks were not well resolved. In material 8, two peaks assigned
o allylic carbon atoms were observed at 59.9 and 73.7 ppm, and
nother peak at 170.3 to the carbonyl groups. Other peaks from
romatic carbon atoms are observed in the range 118–160 ppm.

These results suggest that, in the two materials, the OH− anions
re intercalated between the layers of HTC and the anionic com-
lexes obtained after deprotonation are held outside the layers by
lectrostatic interaction, coating the outside of the clay sheets. A
imilar situation was detected in all the attempts to intercalate
he deprotonated ligands and therefore those materials were not
urther characterized.

.3. Catalytic studies

All materials were tested as catalyst precursors for olefin epox-
dation using cis-cyclooctene (cy8) and styrene (sty) as substrates
nd t-butyl hydroperoxide (TBHP in decane) as oxygen donor, in
ichloromethane, at 55 ◦C (see details in Section 2). Almost no reac-
ion took place in the absence of a catalyst, while the addition of
Mo containing compound led to a catalytic process, yielding the

poxides as the only product within 24 h (Table 2, Fig. 4) when
yclooctene was the substrate. In the oxidation of styrene, some
econdary reaction products were detected.

The activity of the two complexes C1 and C2 has been reported
arlier [26] and is modest, with very low conversions and mod-
rate turnover frequencies, namely 159 and 101 mol molMo

−1 h−1

or cyclooctene and higher ones (175 and 150 mol molMo
−1 h−1)
or styrene. The heterogeneization process leads in general to
igher activities, particularly for styrene epoxidation. The two
CM based materials MCM-Pr-L1-Mo (5a), MCM-Pr-L2-Mo (5b),

btained through a stepwise procedure lead to conversions close to
00%, with high turnover frequencies, specially for styrene with 5b.
See Ref. [26].
b Cyclooctene conversion after 24 h reaction, at 55 ◦C.
c Turnover frequency calculated at 10 min, at 55 ◦C.
d Cyclooctene conversion after 48 h reaction (second run of the catalyst), at 55 ◦C.

The materials obtained in the alternative one step synthesis, MCM-
Pr-MoL1 (6a) and MCM-Pr-MoL2 (6b), display lower conversions
(between 60% and 89%) but comparable turnover frequencies for
styrene.

The HTC based materials displayed conversions higher for
styrene (82%, 79% vs. 54%, 52%), but closer to those of the complexes
in homogeneous conditions for cyclooctene (59%, 60% vs. 64%, 45%),
although with higher turnover frequencies. Since the catalyst pre-
cursors were not intercalated between the layers of the clay, it was
thought that lixiviation might take place during catalysis.

Some of the materials were analyzed for their molybdenum con-
tent at the end of the catalytic cycle.

For instance, the percentage of molybdenum dropped from
6.21% to 5.71% in MCM-Pr-L1-Mo (5a) and from 0.44% to 0.43% in
MCM-Pr-MoL1 (6a), after running the catalysis experiment. For the
HTC materials, the analogous drop was from 7.08% to 6.52% in HTC-
MoL2 (8). These values indicate a very small extent of lixiviation of
the catalyst from the solid material in both cases.

Also, another load of substrate and TBHP was added to MCM-Pr-
L1-Mo (5a) and the conversion and TOFs increased slightly, when
compared with the results of the first run, suggesting that the mate-
Fig. 4. Conversion of cyclooctene using TBHP as oxygen donor, in the presence of
MCM-Pr-L1-Mo (5a), MCM-Pr-MoL1 (6a) and complex [Mo(�3-C3H5)Br(CO)2(L1)]
(C1).
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ty of the parent complexes in homogeneous phase was ascribed to
he presence of the NH groups [26], which might deactivate the
atalyst by entering relatively strong hydrogen bond interactions
ith some molecules, namely the TBHP oxidant. This group has
isappeared upon reaction with the chloropropyl arm when immo-
ilizing the complexes in MCM and is probably engaged in strong
lectrostatic interactions with the cationic HTC layers, allowing a
ore efficient reactivity toward the oxidant in the first step of the

eaction (oxidation to Mo(VI) and formation of the active interme-
iate).

These ideas are supported by a closer look at the activities of
Mo(�3-C3H5)X(CO)2(N–N)] (X = Cl, Br) precursor complexes with
ifferent N–N nitrogen bidentate ligands in homogeneous phase
r supported in MCM-41 by a process similar to the one described
bove (when available; TOFs and conversions of cyclooctene are
ollected in Table S1) [40,41]. Complexes derived from diimines
xhibit in general very high TOFs (∼300–400 mol molMo

−1 h−1) and
onversions (∼100, except the extremely bulky iPr derivative); on
he other hand, the conversions of the dipyridylamine and 2,2′-
isimidazole complexes are only 64% and 33%, and the TOFs 57
nd 29 mol molMo

−1 h−1, respectively. These are the ligands bearing
–H groups, which can be directly compared with C1 and C2 (see
able 2), which have similar conversions, though higher TOFs.

For the same diimine, without N–H groups, the immobiliza-
ion of the complexes in MCM-41 led to a decrease in both the
onversion and turnover frequencies. The exception to this behav-
or has been observed when the bidentate nitrogen ligands are
mall, leaving plenty of space within the channels, as described
or the complexes of the C5H4NCH N{(CH2)3CH3} ligand with
nother Mo(II) fragment [42]. In this system, however, the com-
lexes already exhibited a high catalytic activity in homogeneous
onditions.

Other Mo(II) complexes derived from Cp′Mo(CO)3X (Cp′ = Cp,
p*; X = Cl, Me) are also active precursors for cyclooctene epoxida-
ion in the presence of TBHP. Conversions are often 100%, and TOFs
epend on conditions, but may be as high as 4000 mol molMo

−1 h−1.
s a drawback, these Cp′ based systems are in general less stable in

he experimental conditions [43–46].

. Conclusions

The immobilization of the two complexes [Mo(�3-
3H5)Br(CO)2(L)] (L = L1, C1, and L2, C2) inside MCM-41 was
uccessfully achieved by the two different routes, as confirmed
y several techniques. The channel structure is kept and the
mpty space inside the pores remains large enough to allow for
atalysis to occur. The stepwise synthetic procedure, starting
ith the reaction of the ligand with a reactive arm hanging from

he walls, followed by reaction with the molybdenum complex
Mo(�3-C3H5)Br(CO)2(NCMe)2], afforded a material much richer
n molybdenum than a one step procedure, where the com-
lexes reacted directly with the same pendant arm. The catalytic
ctivity in the olefin epoxidation of these materials was much
igher than that of the initial complexes, namely for styrene
xidation.

On the other hand, the planned intercalation of the depro-
onated complexes C1 and C2 (see Scheme 3) as interlayer
nions of HTC did not result, neither in a stepwise reaction
intercalation of the anionic ligands, followed by reaction with
Mo(�3-C3H5)Br(CO)2(NCMe)2]) nor in a one step procedure (inter-

alation of the deprotonated complexes). Indeed, in the basic
edium required to form the anions (easier in the complexes

han in the free ligands), the anion that intercalated was OH−, as
educted from the interlayer space. The adsorption of the com-
lexes seemed to take place in the outside of the HTC layers, so

[
[
[

[

lysis A: Chemical 321 (2010) 92–100 99

that the resulting material exhibited catalytic activity in the olefin
epoxidation reaction.
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Gonçalves, J. Mater. Chem. 12 (2002) 1735–1742.

11] (a) S.P. Newman, W. Jones, New J. Chem. (1998) 105–115;
(b) S.P. Newman, S.J. Williams, P.V. Coveney, W. Jones, J. Phys. Chem. B 102
(1998) 6710–6719.

12] A.I. Khan, D. O’Hare, J. Mater. Chem. 12 (2002) 3191–3198.
13] J.-C. Dupin, H. Martinez, C. Guimon, E. Dumitriu, I. Fechete, Appl. Clay Sci. 27

(2004) 95–106.
14] M. Vasconcellos-Dias, C.D. Nunes, P.D. Vaz, P. Ferreira, M.J. Calhorda, Eur. J.

Inorg. Chem. (2007) 2917–2925.
15] (a) S. Gago, M. Pillinger, A.A. Valente, T.M. Santos, J. Rocha, I.S. Gonçalves, Inorg.
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